La-dilution effects in TbRhIn 5 antiferromagnet 
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We report measurements of temperature dependent magnetic susceptibility, resonant x-ray mag- 
netic scattering (XRMS) and heat capacity on single crystals of Tbi-zLa^Rhlns for nominal concen- 
trations in the range ^ x ^ 1.0. TbRhlns is an antiferromagnetic (AFM) compound with TV ~ 46 
K, which is the highest TV values along the -RRhlns series. We explore the suppression of the anti- 
ferromagnetic (AFM) state as a function of La-doping considering the effects of La-induced dilution 
and perturbations to the tetragonal crystalline electrical field (CEF) on the long range magnetic 
interaction between the Tb 3+ ions. Additionally, we also discuss the role of disorder. Our results 
and analysis are compared to the properties of the undoped compound and of other members of the 
.RRhlns family and structurally related compounds (Ti^Rhlns and i?Ina). The XRMS measurements 
reveal that the commensurate magnetic structure with the magnetic wave- vector (0,|,|) observed 
for the undoped compound is robust against doping perturbations in Tbo.6Lao.4RhIn5 compound. 

PACS numbers: 75.25.+Z, 75.50.Ee, 75.30.-m, 75.30.Kz 
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I. INTRODUCTION 

The magnetic dilution and percolation problems arc 
directly connected to each other and continue to be at- 
tractive subjects in the field of magnetism and strongly 
correlated electrons systems (SCES). This is because dif- 
ferent and interesting ground states (GS) can be gen- 
erally tuned by chemical substitution in the these sys- 
tems. In particular, for heavy-fermions compounds, 
chemical substitution is a very important tuning pa- 
rameter as it may strongly affects the interplay between 
the intra-sitc Kondo effect and the inter-site long range 
Ruderman-Kittcl-Kasuya-Yoshida (RKKY) magnetic in- 
teraction, driving the system from a magnetic ordered 
state (for instance, antiferromagnetic (AFM) to a non- 
magnetic heavy-electron paramagnetic metali Interest- 
ingly, in the vicinity of the magnetic phase, unconven- 
tional superconductivity (USC) and non-fermi-liquid be- 
havior (NFL) may be found in many cases. In terms 
of dilution at the heavy fermions ion site, a non-obvious 
evolution from a magnetic or non-magnetic dense Kondo 
lattice state to a Kondo single impurity regime in the 
very diluted regime is expected i 

The family of heavy fermions Ce m M„In3 TO _|_2n (M = 
Co, Rh or Ir, m = 1, 2; n = 1) have been proving to be a 
great series to explore the role of doping in tuning a vari- 
ety of ground states such as AFM, USC, NFL and Fermi 
Liquid (FL) behavior in high-quality single-crystals. All 
these interesting GS have been found in theses systems in 
specific regions of their rich phases diagrams ,2iMiSiSi2i£ 

Dilution s t u dies2J£JJ^J&I2iI5iI£JI in the above se- 
ries were performed for both ambient pressure AFM 
(CeRhlns) and USC (CeCoIns) heavy-fermion com- 
pounds. In terms of suppression of AFM, a critical 
La-concentration of about x c = 0.4 was obtained from 
the extrapolation of dT^/dx slope to T — > for La- 
doped Cei_ K La x RhIn5i^ This is consistent with the the- 
oretical percolation threshold for a 2D-spin system^ 



On the other hand, measurements of thermal expan- 
sion and magnetostriction in Ceo.6Lao.4RhIn5 single 
crystals^ suggested the evolution of the crystalline elec- 
trical field (CEF) ground state as a function of La- 
concentration and revealed the presence of remaining 
anisotropic short-range magnetic correlations, which was 
consistent with earlier reported heat capacity data^iL 
In terms of La-doping induced changes in the electronic 
structure, recent de Haas- Van Alphen (dHvA) measure- 
ments in Cei-^La^Rhlns has shown a near insensitiv- 
ity of the Fermi surface topology to x implying almost 
entirely localized /-electron behavior^ The magnetic 
structure of the CcRhlns is also nearly unaffected by 10% 
of La substitution^ 

More recently, studies of Ceo.gLao.iRhlns under pres- 
sure have revealed that the La-doping shifts the pressure 
induced superconducting phase to higher pressures, indi- 
cating that the main effect of the La-doping in CeRhlns 
in this range of La concentration is the decreasing of the 
Kondo coupling^ 

Regarding the effect of La-dilution in the properties of 
the superconducting and dense Kondo lattice CeCoIn 5 , 
the pair-breaking by non-magnetic La results in a de- 
pression of T c that extrapolates to zero for a criti- 
cal La-concentration x c ~ 0.18 indicating a strong gap 
anisotropy.— Further, thermal conductivity and specific 
heat experiments at low temperature revealed that the 
suppression of T c is followed by the increase in the resid- 
ual electronic specific heat but along with the decrease 
in the residual electronic thermal conductivity. This 
contrasting result suggests a coexistence between un- 
paired electrons and nodal quasiparticlcs. 15 Still in the 
Cei-^La^CoIns series, an interesting evolution of the 
normal state properties was also verified through the 
finding of scalings laws for the specific heat and mag- 
netic susceptibility data suggesting two separated energy 
scales: one from a single-impurity Kondo temperature 
Tk and the other from a larger inter-site spin-liquid 
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temperature T* which involves the inter-site antifcrro- 
magnetic correlations*^ From their high-T heat capacity 
data, they claimed that the CEF scheme remains un- 
changed function of La-concentration^ 

However, to achieve a complete microscopic under- 
standing of the evolution of physical properties in- 
duced by La-doping in CeRhlns and CeCoIns is a 
very difficult task as the doping may affect simulta- 
neously, and in a combined way, the in-site Kondo 
effect, the inter-site RKKY interaction, the CEF ef- 
fects, the electronic structure and also introducing dis- 
order. In this sense, the study of structurally-related 
compounds within the R m M n Iii3 m +2n family have been 
successfully used to understand the evolution of 4/- 
electrons magnetism for many members of the series 
in situations where some of the contributions above 
can be negligible For instance, in the 
Gd m M„In 3m+2 n (M — Rh and fr) compounds, as Gd 3+ 
is a pure (S = 7/2, L = 0) spin ion, the RKKY inter- 
action and its dependence with electronic structure is 
the main contribution . 21 ! 22 ' 23 For the Nd- and Tb-based 
members of the R m M n ln 3m+2n family,^^^^^ both 
RKKY interaction and CEF effects are present, and the 
CEF contribution can be evaluated for Krammers (Nd 3+ , 
J = 9/2) and non-Krammer ions (Tb 3+ , J = 6) without 
the complexity of the Kondo lattice behavior of the Ce- 
based compounds. 

Nonetheless, to the best of our knowledge, none of 
these isostructural magnetic relatives of CcMIns had 
their properties systematically investigated as a function 
of dilution. 

In this work, we have studied dilution effects on 
TbRhlns as the Tb 3+ ions are substituted by non- 
magnetic La 3+ ions for s$ x s$ 1.0. The TbRhIn 5 
intermetallic compound^ orders antiferromagnetically 
with a commensurate magnetic structure (0,^,^) be- 
low Tjv ~ 46 K, which is the highest Tjv among the 
i?RhIii5 compounds. Results from magnetic susceptibil- 
ity and specific heat data taken below ~ 150 K down 
to 2 K in Tbi-zLa^Rhlns (x = 0.15, 0.4 and 0.5) as 
well as the magnetic structure determination for the 
Tbo.6Lao.4RhIii5 compound using resonant x-ray mag- 
netic scattering (XRMS) are reported. From the analy- 
sis of the evolution of magnetic properties of the studied 
samples as a function of La-concentration, we evaluate 
the role of the different mechanisms for the suppression 
of the long-range AFM coupling by considering dilution, 
changes in the CEF scheme and the introduction of disor- 
der. Additionally, the XRMS measurements has shown 
that the commensurate magnetic structure (0,^,^) ob- 
served for the undoped compound is robust against dop- 
ing perturbations, indicating that no changes in the rel- 
ative spin interaction of neighboring Tb-spins are taking 
place. These results are discussed in a broader prospec- 
tive considering others member of the R m M n lri3 m+ 2n 
family. 
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FIG. 1: Lattice cell parameters a and c vs. lanthanum con- 
centration x for the Tbi-^La^Rhlns system. The dotted line 
is a linear fit to both datasets. 



II. EXPERIMENTAL 

All measurements were taken on single-crystalline sam- 
ples grown by the Indium excess flux^ Typical crystal 
sizes were 0.5 cm x 0.5 cm x few mms. The tetrago- 
nal HoCoGa5-type structure and crystals phase purity 
were confirmed at ambient temperature by X-ray pow- 
der diffraction. Magnetization measurements were per- 
formed as a function of temperature in a commercial 
superconducting quantum interference device (SQUID) 
magnetometer. Specific heat data was taken using a com- 
mercial physical property measurement system (PPMS) 
using the adiabatic relaxation method in the tempera- 
ture range between 1.9 - 150 K. The x-ray resonant mag- 
netic scattering (XRMS) experiments were performed at 
the XRD2 beamline of the Laboratorio Nacional de Luz 
Smcrotron (LNLS), Brazil, and the description of the ex- 
perimental setup used can be found on Refs. [22II25II30I . 



III. RESULTS AND DISCUSSION 

Fig. Q] displays the cell parameters for x = 0, 0.15, 0.3, 
0.4, 0.5, 0.6, 0.7 and 0.9 Lanthanum concentration. Both 
parameters expand linearly with concentration x (taking 
x as the nominal concentration given by the Ce/La ratio 
in the starting materials) as the larger La 3+ ion is substi- 
tuted into the Tb 3+ site, in agreement with the Vegard's 
law. The cell parameters a and c were determined from 
least-squares fits of the Bragg peak positions (29) i^I 

Fig. [2] shows the magnetic susceptibility, x(T), and 
heat capacity, C(T)/T, data for representative samples 
of Tbi^^La^Rhlns. x{T) data [Fig. [5] (a-c)] were taken 
at a magnetic field H = 1 kOc applied parallel to the 
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FIG. 2: (Color online) (a)-(c) temperature dependence of the 
magnetic susceptibility for applied field of 1 kOe parallel to 
afe-plane (\± and circle symbols) and parallel to the [001] 
direction (x// and square symbols) for La-concentrations x — 
0j2£ 0.15 and 0.4, respectively, (d)-(f) specific heat, C/T, for 
H = applied field. The solid curves for all cases are the best 
fits to the data using a MF models 



[100] crystallographic direction (x_i_) and along the c axis 
([001] direction), x//- Fig. |2] (d-f) display the temper- 
ature dependence of the magnetic specific heat per Tb 
mole. The phonon contribution to the total specific heat 
was subtracted using the data of non-magnetic YRI1I115 . 
The solid curves in Fig. [5] are the best fits to the data 
using the mean field (MF) model of Ref. which in- 
cludes an isotropic exchange between rare earth ions and 
the tetragonal crystal field terms into the hamiltonian. 

The actual La-concentration in our samples was es- 
timated from linear fits to the inverse of the magnetic 
susceptibility at high-T (T > 200 K) assuming the full 
moment of 9.72 /j,b for the free Tb 3+ ion. The obtained 
concentrations were found to be in agreement with the 
nominal concentration within ~ 4% for all doped sam- 
ples (horizontal error bars in Fig. []}. Therefore, we have 
used the nominal concentrations, x, in this work. 

The Fig. [2] demonstrate the shift to lower values of the 
temperatures at which the maximum in the susceptibility 
occurs, and the specific heat has a peak, as the La-content 
increases. These temperatures taken from both measure- 
ments coincides reasonably well, therefore we take this 
temperature as the Neel temperature, TV, for all sam- 
ples. From this consideration we define T/v for the two 
doped samples x = 0.15 and 0.40 as being 43 and 34 K, 
respectively. The shift of Tjy to lower values is a signature 
from the expected suppression of the long-range-ordered 
AFM state. For all cases, the susceptibility is anisotropic 
but the ratio Xl I /x± i defined at the maximum of the x// 
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FIG. 3: Normalized Neel temperature Tjv (Tn,x/Tn( x =o)) vs. 
x for Tbi-zLazRhlns (filled circles) determined from the spe- 
cific heat C(T)/T data. The same data for Cei-ajLa^Rhlng^ 
(open circles) is included for comparison. The dotted line rep- 
resents linear fit to the Ce-based family data while the dashed 
curve is a power-law fit to the Tb-based data. Extrapolation 
to T — > for the Tbi-ajLa^Rhlns data gives a critical con- 
centration of about 70 %. 



data, remains almost the same (roughly 2.12, 2.06 and 
1.91 for x = 0, 0.15 and 0.4, respectively). Additionally, 
the transitions in the specific heat data become evidently 
broader as a function of La-doping. 

Fig. [3] displays the TV behavior for the studied com- 
pounds normalized by the TV value of the TbRhlns com- 
pound (T/v.x/T/v(a; = o)) " filled symbols. Similar data ob- 
tained for Cei-^La^Rhlng^ (open symbols) is included 
for comparison. Interestingly, the suppression of TV as a 
function of La-doping is less dramatic in Tbi_ x La x RhIii5 
when compared to Cei^^La^Rhlns, and its behavior 
follows approximately a power-law decrease, differently 
from the Ce-based series, where a linear decrease of TV 
was observed. The critical concentration for which T/v 
— > was found to be x c ~ 0.7 for Tbi-^La^Rhlns in 
contrast to the x c « 0.4 found for Cei-^La^Rhlns. 

La-doping perturbations in the AFM state of TbRhlns 
was further explored through x-ray magnetic diffrac- 
tion experiments in a crystal of Tbo.6Lao.4RhIii5 from 
the same batch used for the macroscopic measurements 
above. These measurements were performed with the 
incident photon energy at both Li and T3 Tb absorp- 
tion edges (resonant condition) in order to enhance the 
small signal from the AFM order of Tb ions below T^M- 
We found satellite peaks at reciprocal space positions 
corresponding to the same reciprocal propagation vec- 
tor found in the undoped TbRhIn5, i.e. (0,^,^)^ indi- 
cating that Tbo.6Lao.4RhIn5 orders in a commensurate 
AFM single k structure (k - propagation vector) . Above 
T/v we only found charge Bragg peaks from the tetrag- 
onal HoCoGa5-type structure. Other magnetic peaks, 
representing twinned AFM domains, were also observed 
at (|,0, |), (5,0,^-) and (^,0,^) reciprocal space posi- 
tions (not shown) . A comparison between the intensities 
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FIG. 4: Energy dependence of the resonant x-ray diffraction 
signal in Tbo.6Lao.4RhIns around the (0,|,|) satellite peak, 
(a) Data collected around the Tb L2 absorption edge (8.252 
keV) at the base temperature ( T = 11 K). (b) Scattered signal 
around the Tb L3 edge (7.514 keV). From a single Lorentzian- 
profile fit to both datasets (continuous line) we extracted the 
width of the resonance through the full width at half maxi- 
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FIG. 5: Temperature dependence of the integrated intensities 
of the (0,i,|) magnetic reflection in the temperature range 
between T = 11 K and 37 K for Tbo.6Lao.4RhIn 5 . The inset 
shows two longitudinal scans (6 — 28) around the (0,|,|) po- 
sition: open circles represent the data obtained at T = 15 K 
and the filled circles curve was taken at T = 38 K. Continu- 
ous line is a Pseudo-Voigt fit to the observed data at T = 15 
K and the vertical dashed line at T = 35 K shows the Neel 
temperature, above which no further long-range order can be 
found. 



of the symmetrically-equivalent reflections (^,0,|) and 
(0,4, |) reveals a higher (0,|,|) domain population over 
the (§,0,|) ones [h, k, I integers], the later representing 
roughly 75% of the former. 

Open circles in Fig. [Ha) and (b) represent the reso- 
nance profiles of the superlattice diffraction peak (0,i,§) 
around the L 2 (8.253 keV) and L 3 (7.514 keV) Tb ab- 
sorption edges, respectively, taken at 11 K. The spectral 
shapes are typical of magnetic scattering from the or- 
dered moments of the Tb ion sublattices and the peak 
maxima coincides with the inflection point of the flu- 
orescence spectrum (not shown), revealing the El elec- 
tric dipole-type resonance involving electronic transitions 
2pi/2 ^50? and 2p 3 / 2 ^>5d. Therefore, we used the en- 
ergy where maxima in Figs. [¥]take place as incident en- 
ergies for all our measurements of magnetic peaks. Full 
lines are single-Lorcntzian fits from which we were able to 
get the resonance width, as being 8.4 eV for L 2 and 6.7 
eV for L 3 . This width is inversely proportional to the 
resonance core-hole lifetime. The photon energy varia- 
tion profile at a fixed reciprocal point has proved to be 
higher (I(Ljji)/I(Ljj) ~ 3 eV) and narrower at the L 3 
Tb edge, which confirms the L-edge resonances behav- 
ior of the Tb 3+ ion previously suggested in Ref. [H and 
observed for other rare-earth-based compoundsi 25 i 34 

Fig. [5] displays the temperature dependence of the 
(0,|,|) magnetic Bragg peak intensities, which is propor- 
tional to the Tb magnetization sublatticc, obtained from 
numerical integrations to 9 — 29 scans (using a Pseudo- 
Voigt function). The data was taken between T = 11-37 



K with a T-step of 1 K while warming the sample. The 
inset shows the experimental (filled circles at T = 15 K 
and open ones at T = 37 K) and calculated curves (con- 
tinuous line) together. Error bars in the main panel rep- 
resent statistical standard deviation from the fits. The 
decrease of the Bragg intensities as the temperature is 
increased toward the bulk T/v denotes also the magnetic 
character of this reflection. It smoothness is a signature 
of a second order-type transition. 

The XRMS results, together with the properties shown 
in Fig. [21 demonstrate the existence of long-range AFM 
correlations for the x = 0.4 doped sample. From the 
point of view of magnetic diffraction, it seems that the 
AFM propagation vector does not change as function of 
La-doping up to x — 0.4. As such, we may argue that 
the relative spin orientation of neighboring Tb 3+ ions is 
not strongly modified by dilution in the x = 0.4 sample, 
re-enforcing the long range character of the RKKY inter- 
action between the Tb 3+ ions. Further, this result may 
be indicative that the balance between the Tb first and 
second- neighbors interactions (J\ and J 2 , respectively ) 
is the same as for the undoped TbRhlns compoundi 23 i 25 

Nonetheless, from our recent data we can not deter- 
mine the direction of magnetic moments in the Tb sub- 
lattice through the comparison between observed and 
calculated integrated intensities of magnetic peaks be- 
cause only three reflections from the same AFM domains 
were reached with our experimental setup. Therefore, 
new data in the resonant condition are required to know 
the moments orientation for this La-doped sample. Par- 
ticularly, it should be interesting to includes azymuthal 
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TABLE I: Tjv and CEF parameters for Tbi-^La^Rhlns 
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FIG. 6: CEF splitting of the ground state multiplet of Tb 
obtained from the simulations of Fig.[2]to the x = 0, 0.15 and 
0.4 using the MF model of Ref. 
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FIG. 7: CEF parameters evolution as the La-concentration is 
increased. 



dependence of magnetic peaks intensity combined with 
polarization analysis. 

We now discuss the effects of La-doping in the an- 
tiferromagnetic interaction between the Tb 3+ ions in 
TbRhlns. The first obvious effect is dilution. As 
La 3+ replaces the Tb 3+ , the average distance between 
the remaining Tb 3+ ions increases and consequently the 
RKKY magnetic exchange between them decreases. Sec- 
ondly, there is the chemical pressure effect induced by 
the difference in ionic size between La 3+ and Tb 3+ . This 
can affects the CEF effects at the Tb 3+ site. These ef- 
fects maybe subtle but are not straightforward. Slight 
modifications in the CEF scheme and/or wave- functions 
can cause significant changes in T/v and in the mag- 
netic anisotropy of the ordered state for low-symmetry 
systems.— Last, there could exist the effect of chemi- 
cal disorder caused by a not perfectly homogeneous La- 
distribution through the sample. This may cause com- 
peting magnetic interaction between Tb 3+ ions in differ- 
ent grains, creating multiple spin configuration and/or 
distribution of TV, leading to the suppression of the long 
range ordered state. 

In order to account for the evolution of the first and 
second effects above we have used our MF model from 
Ref. [!?] to fit concomitantly the whole set of data of 
Fig.[U In Fig. [5] we show the CEF schemes obtained from 
the best fits to the data of the representative samples 



shown in Fig. [2] 

Before we proceed with the analysis of the results pre- 
sented in Fig. [6] it is important to discuss the reliability 
of these results because CEF parameters obtained from 
fits to macroscopic measurements data could be mistaken 
and not unique. Is is known that, in general, a given set of 
parameters can describe very nicely a set of experimental 
macroscopic results and completely fail in describe oth- 
ers and that a definitive determination of CEF schemes 
and/or parameters usually requires direct measurements 
by inelastic neutron scattering (INS). 

In an earlier report, we proposed a CEF scheme for 
pure TbRhlns obtained from fits to magnetic suscep- 
tibility and specific heat data. This CEF scheme was 
based on a lg ' doublet ground state and an overall split- 
ting of 310 Ki2£ Later, low temperature magnetization 
experiments 3 ^ shown that this scheme is incompatible 
with the high field (H > 10 T) magnetization data taken 
at T = 2 K for a magnetic field applied along the c-axis. 
As such, in Ref. [35|, the authors proposed an alternative 
scheme of levels with a singlet ground state and overall 
splitting of about 220 K. This alternative scheme agrees 
qualitatively with the high field behavior of their T = 2 
K magnetization data but it does not give a better fit to 
the x(^) an( A zero field C n (T) data than that obtained 
with the CEF scheme of Ref. [M 
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Taking into account all the above, we have re-analyzed 
our x(T) and zero field Cn(T) and the high field mag- 
netization data of Ref. [35| and obtained the new CEF 
scheme of levels present in Fig. [5] for pure TbRhlns. The 
new scheme has a singlet ground-state with a first ex- 
cited singlet at 10 K and an overall splitting of ~ 350 K 
(see Fig. [51 left scheme) . Although both present a sin- 
glet ground state, the TbRhlns CEF scheme of Fig. [5] 
and the one from Ref. [35| display appreciable differences 
in terms of energy level and wave functions. These level 
of controversy usually requires direct measurements by 
INS to be completely solved, however our preliminary 
CEF parameters determination and data fits proceeding 
allow us to follow the La-doping induced changes in the 
crystal field and the modifications on the AFM state of 
TbRhlns. Further, it is important to emphasized that 
the qualitative evolution of the CEF scheme and param- 
eters as a function of La-doping was found to be nearly 
independent of the details of a particular choice of CEF 
parameters (and scheme) for pure TbRhlns (Fig. [5] or 
Ref. HI). 

Analyzing the La-doping evolution of the CEF energy 
level schemes in Fig. [51 we observe that for x < 0.4 the 
best fits yield ground-state singlets and a non-monotonic 
evolution of the overall CEF splitting as a function of La- 
doping. However, one can clearly observes a trend in the 
low-T energy levels (T < 200 K), showing a compression 
to lower temperature ranges. This effect causes the in- 
crease of the low-T magnetic entropy and may certainly 
affect Tjv and the ordered stated Additionally, the set 
of CEF parameters giving place to the fits of Fig. [21 and 
to the schemes of Fig. [6j show systematic changes as the 
La-concentration is increased, see Table [J and Fig. [7) 

From Fig. [7] one can obviously notice the effect of di- 
lution by decreasing the effective Tb 3+ -Tb 3+ exchange 
interaction, Jrkky, as well as the modification of the 
crystal field parameters due the Lattice expansion caused 
by La-doping. Although these two effects are maybe ex- 
pected, it is not obvious how they are combined to sup- 
press Tjv and to affect the details of the ordered state of 
complex magnetic systems in dilution studies. 

In order to explore separately the two effects above, 
we used our MF model to simulate the evolution of T/v 
while changing the CEF parameters values of Table [J 
for a fixed Jrkky = 0.2 meV (obtained for the un- 
doped TbRhlns). Alternatively, we study the Tv sup- 
pression with the La-doping solely due to the decrease 
of Jrkky and keeping unchanged the CEF scheme of 
the TbRhlns compound. The results of these procedures 
can be seen in Fig. From this plot it is evident that 
the CEF changes and the decrease of Jrkky have com- 
parable effects on the T/v suppression. The T/v shift 
due the changes of the CEF parameters by La-doping, 
|AT/v-c.ef|, is nearly the same as the T/v shift result- 
ing from the increase of the Tb 3+ -Tb 3+ average dis- 
tance changes by dilution, \ATn—rkky\- However, both 
effects had to be taken into account to best reproduce 
the data of Fig. [5] and the experimental T/v suppression 
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FIG. 8: Neel Temperature variation, |ATjv|, as a function 
of La-content while changing CEF parameters and Jrkky is 
fixed to 0.2 meV (\ATn-cef\, star symbols) and as Jrkky 
was changed with CEF parameters fixed (\ATm-rkky\, open 
circles symbols). Modeled |ATjv| is the result of considering 
both effects together. 



of Fig. H] (what we called modeled \AT N \). The signifi- 
cant decrease of T/v induced by CEF is a non-trivial and 
important result that indicates that the effects of CEF 
changes should be generally taken into account when im- 
portant temperatures scales are mapped and analyzed 
as function of doping in the iJRhlns family and related 
compound:. 2,3 - 4 - 5 - 6 - 7 - 8 - 9 - 10 - 11 - 12 - 13,14 - 15,16 - 17 

Another important aspect of our results for 
Tbi-^La^Rhlns is the role of disorder on the properties 
of this series. Our theoretical model does not include 
any kind of disorder (for instance, a random distribution 
of T/v and/or CEF parameters) and this is probably 
the reason why the fittings curves cannot reproduce the 
width of the AFM transition in the C/T data of Fig. fj 
for samples with higher La-concentration. This also 
prevents our models to achieve better fits to our data 
for x = 0.4. On the other hand, it interesting to notice 
that we do not see a clear contribution of the disorder in 
the suppression of the T/v for x < 0.4, as we were able 
to simulate the experimental data and the T/v behavior 
only by considering dilution and CEF tuning effects (see 
Figs, land [8]). 

Finally, the last interesting point to be ad- 
dressed is the comparison between the T/v sup- 
pression in Tbi-aTa^Rhlns and in its HF counter- 
part Cei_a;La x RhIn5 given in Fig. [3l It is ev- 
ident that the critical concentration x c ~ 0.7 for 
Tbi-^La^Rhlns is much higher than the x c ~ 0.4 
found for Cei-^La^Rhlns^ While the x c f=a 0.4 for 
Cei_2,La 2 .RhIn5 is close to the 2D percolation thresh- 
old for a Hciscnberg square lattice^^ the x c « 0.7 for 
Tbi^^La^Rhlns is the same as for a 3D lattice. Thus, 
a simple argument to understand the increase in x c for 
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Tbi-^La^Rhlns may be given by its more 3D character, 
as the tetragonal lattice parameters ratio c/a decreases 
along the iJRhlns series . 21 ' 25 On the other hand, it is 
clear that the non-linear suppression of T/v is in obvious 
contrast to the linear behavior found for Cei-^La^Rhlns 
and even for cubic Cei-^LaxIna (x c ~ 0.7). In this re- 
gard, it is interesting to notice that for Tbi_ x La x RhIii5 
we found a roughly linear decrease of T/v as a function 
of x up to x ~ 0.4 (see Fig. [3]). This linear behavior 
of the T N decrease could be successfully understood by 
monotonic evolution of Jrkky and the CEF parameters 
as a function of x (see Figs. [7] and [5]). However, for 0.4 
< x < 0.7, the TV decrease becomes more abrupt and 
we were no longer able to fit the data using our model in 
this range of concentration, presumably due to the role 
of disorder. Therefore, we speculate that the non-trivial 
T/v suppression for 0.4 < x < 0.7 in Tbi-^La^Rhlns may 
be related to the details of the disorder effects near the 
percolation threshold. This effect have not been observed 
in Cei_^La K RhIn5 and cubic Cei-^La^Ii^ because the 
difference in ionic size between Tb 3+ and La( 3+ > ions is 
much larger than between Ce 3+ and La^ 3+ - ) . In addition, 
the percolation problem including an exchange interac- 
tion with long range character, as the RKKY interaction, 
have not been completely understood even in a perfectly 
ordered system^ In fact, our XRMS results for £=0.4 
indicate that the relative exchange interaction between 
neighboring Tb 3+ ions is very robust against La-doping 
which suggests that, due to the long range character of 
the RKKY interaction, the dilution-induced Jrkky de- 
crease may be much smaller than that expected for a 
Heisenberg square lattice^^ specially for a more 3D- 
system. 



Tbi.^La^Rhlns (x = 0.15, 0.3, 0.4 and 0.5) diluted 
compounds. We also presented preliminary results 
of resonant x-ray magnetic scattering experiments in 
Tbo.6Lao.4RhIn.5. The AFM structure revealed is com- 
mensurate with the same propagation vector (0,^,^) of 
the undoped compound, which indicates the same rel- 
ative interaction J1/J2 between Tb 3+ -neighbors. Nccl 
temperature decreases with a non-linear behavior as a 
function of Lanthanum concentration and extrapolates to 
zero at roughly 70% of La content, which demonstrates 
that for TbRhlns the non-magnetic La-substitution shifts 
the dilution limit differently to the x c ~40 % ob- 
served for Cei-^La^Rhlns and (Cei-^La^Rhlns fam- 
ilies. Furthermore, our mean field model simulation for 
Tbi^^La^Rhlns (x < 0.4) reveals that the crystal field 
scheme evolves as a function of doping and that this evo- 
lution affects T/v as much as the decreasing in Jrkky 
due to dilution. This effect may be of great importance 
in phase diagrams of complex magnetic systems where 
the AFM is tuned to zero temperature by chemical sub- 
stitution. 
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